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Synopsis. A compilation of the chemical data and brief review of the mineral zirconolite, essentially CaZrTi,0,, is 
presented. A total of 321 chemical analyses, 169 previously unpublished, from 39 of the 46 known terrestrial localities, 
and covering 10 rock types are tabulated. A brief description of the minerals associated with zirconolite is outlined for 
each locality. Data from all zirconolite-bearing lunar rocks have also been compiled. The recently published nomenclature 


scheme for zirconolite is employed throughout. 


INTRODUCTION 


Zirconolite, although a relatively rare accessory mineral, is 
found in a wide range of rock types and geological 
environments. To date, zirconolite has been reported from 46 
terrestrial localities and from 13 lunar samples: it has not been 
reported in meteorites. The chemical composition of natural 
zirconolite can vary extensively, with the main substitutions 
involving rare earth elements, actinide elements, niobium and 
iron. Synthetic zirconolite is a major component in SY NROC, à 
synthetic polyphase titanate ceramic designed to immobilise 
high-level radioactive waste. 

In this paper, we compile and tabulate all reported chemical 
data for natural zirconolites, including new, and previously 
unpublished analyses; we group zirconolites into specific rock 
types or paragenetic types, and denote those samples that are 
stored in the collections of the Mineralogy Department, The 
Natural History Museum, London. 


NOMENCLATURE 


In the literature, several minerals with stoichiometries close to 
CaZrTi,O,, but with different crystal structures, have been 
reported and this has led to confusion in the nomenclature of 
these minerals. The compound CaZrTi,O, can exist as three 
superstructures with monoclinic, orthorhombic and trigonal 
symmetries (Rossell, 1980), each being a polytype (White, 1984), 
subsequently redefined as polytypoids (Bayliss et а/., 1989). 
However, the original type material, polymignite (Berzelius, 
1824), zirkelite (Hussak & Prior, 1895) and zirconolite (Borodin 
et al, 1956) are metamict and their structures cannot be 
unambiguously defined. Further problems in identification and 
characterisation have arisen, in part because the frequent 
Occurrence of actinide elements in the structure may render the 
mineral partially or totally metamict, and in part because the 
often small grain size does not allow for routine crystallographic 
techniques to be employed. These nomenclature problems have 
been addressed by Nickel & Mandarino (1987) and most 
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recently by Bayliss ef al. (1989), who summarized the 
crystallographic and chemical characteristics of these minerals, 
detailed their historical documentation, and rationalized their 
nomenclature. 

Under the Bayliss et а/. (1989) IMA-approved nomenclature 
scheme, zirconolite is the non-crystalline (metamict) mineral, or 
the mineral with undetermined polytypoid of CaZrTi,0,; 
zirconolite-3O is the three-layered orthorhombic polytypoid of 
CaZrTi,O;; zirconolite-3T is the three layered trigonal 
polytypoid of CaZrTi,O;: zirconolite-2M is the two-layered 
monoclinic polytypoid, or aristotype (White, 1984) of 
CaZrTi,O,; zirconolite is polymignite (metamict), and zirkelite 
is the cubic mineral with formula (Ti,Ca,Zr)O; ,. Smith & 
Lumpkin (1993) have subsequently described two additional 
polytypes which appear to be supercells of the zirconolite-2M 
and ЗТ structures (zirconolite-4M and -6T, respectively). 


CHEMICAL COMPOSITION 


Zirconolite has five cation-acceptor sites, these being Ca in 
8-coordination, Zr in 7-coordination, and three distinct Ti sites: 
ТК) and ТЮШ) are both 6-coordinate, and Ti(II) is 
5-coordinate (Gatehouse et al., 1981; Mazzi & Munno, 1983). In 
natural (and synthetic) zirconolites, a wide range of cation 
substitutions can occur (e.g. Ringwood, 1985), ranging in ionic 
size from 0.051nm (714%) to 0.112nm (Са) – ionic radii data 
from Shannon (1976) - and charge from 2+ (Mg) to 6+ (W). 
Predominant substitutions are: the rare earth elements including 
Y (REE) and actinide (ACT) elements for Ca; Hf for Zr; and 
Nb, Fe, Ta, Mg and W for Ti. In natural zirconolites the 
chemical variation is extensive; of the major components, CaO 
ranges from 1.83 to 16.54%, ZrO, from 22.82 to 44.18%, and 
TiO, from 13.56 to 44.91% (Table 1). Up to 79% of the Ca site 
can be replaced by other cations (e.g. analyses A4, L11, Table 3), 
and up to 65% of the Ti site (analysis C69, Table 3). 
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Kimberlite. Raber & Haggerty (1979) report zirconolite from 
three localities in South Africa. All their microprobe analyses 
are presented in Table 3 (КІ to K3); however, two analyses (K1 
and K2) have significantly higher ZrO, values than all other 
zirconolites reported. The number of Zr cations for these 
analyses, recalculated on the basis of 7 oxygens, exceed the 
theoretical value by >50% and 210075. It seems probable 
therefore, that these analytical data are in error, or that the 
minerals analysed are not zirconolite. Calzirtite has been 
suggested as a possible alternative mineral for one of these 
questionable phases (Kogarko et al., 1991). Analyses КІ and K2 
are thus omitted from comparative data of zirconolites (such as 
in Table 1). 

Zirconolite described by Raber & Haggerty (1979) is very 
fine-grained, associated with baddeleyite, + zircon, ilmenite, 
armalcolite and calcite, and is considered to have been formed as 
a secondary mineral due to infiltration of, and reaction with, a 
carbonatitic fluid. 


Ultrabasic Rocks. Zirconolite has been described from two 
ultrabasic cumulate complexes — Laouni, Algeria (Lorand & 
Cottin, 1987) and Rhum, Scotland (Williams, 1978). 

At Laouni zirconolite occurs ав compositionally 
homogeneous, discrete grains up to 200um in diameter, in 
plagioclase-rich adcumulates. Although baddeleyite also occurs 
in this intrusion, it is located in cumulates richer in trapped 
intercumulus liquid. Analyses U1—U2 (Table 3) are from Lorand 
& Cottin (1987). 

In the layered, ultrabasic complex of Rhum zirconolite occurs 
as a rare, late-stage accessory mineral, associated with apatite, 
baddeleyite and zircon, predominantly іп  olivine-rich 
mesocumulates — i.e. those cumulates with a relatively high 
proportion of trapped (and fractionated) magma. The 
microprobe analysis (U3, Table 3) is from Fowler & Williams 
(1986). 


Gabbro Pegmatite. Harding et al. (1982, 1984) describe accessory 
zirconolite (reported as ‘zirkelite’), with acicular habit, from a 
gabbro pegmatite of Tertiary age at St. Kilda, Scotland. The 
pegmatite consists essentially of ferroaugite, ferroedenite, 
chlorite, magnetite, Mn-rich ilmenite, quartz and alkali feldspar. 
Associated with zirconolite are the accessory minerals biotite, 
epidote, allanite, titanite, apatite and zircon. The pegmatite is 
considered to have formed from the last residues of basaltic 
(tholeiitic) liquid from which the major Mg-minerals апа 
feldspars of the Glen Bay Gabbro had previously precipitated. 

The zirconolite analysis tabulated here (G1, Table 3) is from 
Fowler & Williams (1986). Harding et al.’s (1982) orisinal 
analysis totals only 91%, as it excludes many of the heavy ЕЕЕ, 
Hf and Ta. 

Since the EREE** exceeds 50% of the Ca site cations, it is 
sensu strictu a rare earth mineral, and following the Bayliss & 
Levinson (1988) nomenclature guidelines, this mineral can be 
classified as zirconolite-(Y) [subject to approval from the 
CNMMN]. 
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Syenite. Zirconolite has been described from four syenite 
localities. 

At Glen Dessarry, Scotland (Fowler & Williams, 1986), 
zirconolite occurs as an accessory mineral in a rock consisting of 
aegirine augite, edenitic amphibole, hypersolvus alkali-feldspar, 
orthoclase, albite and biotite. Zirconolite, typically <10шт in 
diameter, is enclosed by alkali feldspar phenocrysts and 
associated with Fe-Ti oxides, titanite, allanite, apatite and 
zircon. The microprobe analysis (S1, Table 3) is from Fowler & 
Williams (1986). 

Zirconolite is reported in the alkaline intrusions of the 
Arbarastakh massif, Aldan, Russia, where segregations of 
zirconolite occur in [а] '... писаптед large-grained 
pyroxenite . . .. with accessory apatite and ilmenite (Borodin et 
al., 1960). In Table 3, analyses S2 (Borodin et al., 1960) and S3 
(Gaidukova et al., 1962) are wet chemical determinations on 
mineral separates; analysis S4 (Wark et al., 1973) isa microprobe 
analysis of a separate zirconolite grain. 

Zirconolite (described as ‘polymignite’) was reported from the 
syenite pegmatites of Fredicksvárn, S. Norway by Berzelius 
(1824), and was a mineral separately analysed by Brógger (1890) 
using ‘classical’ wet chemical techniques (55, Table 3). It also 
occurs at Langesundfjord, near Larvik in coarse-grained syenite 
pegmatites (S6 and S7, Table 3 — previously unpublished 
microprobe data). 

Zirconolite (reported as ‘polymignite’) was described from a 
‘sanidinite’ at Campi Flegrei, Italy (Mazzi & Munno, 1983). No 
analysis is included in Table 3, because the total of the reported 
analysis is low. Material is no longer available for analysis 
(Munno pers. comm., 1992). 


Nepheline Syenite. At Pine Canyon, Utah, USA, zirconolite was 
found as an accessory mineral associated with hibonite, 
perovskite and pseudobrookite (Agrell et al., 1986). Тһе 
rock-forming minerals include corundum, nepheline and 
Mg-hercynite. Analyses (NSI-NS6, Table 3) are previously 
unpublished wavelength-dispersive microprobe data (СТУУ). 

At the EIk Massif, Poland, zirconolite and Nb-zirconolite are 
reported in an association with apatite, fluorite and pyrochlore 
in agpaitic nepheline syenite pegmatites (Dziedzic, 1984). The 
major minerals of the pegmatites are microcline, nepheline, 
aegirine, arfvedsonite, and more rarely eudialyte. No analytical 
data are given for the zirconolite. 

At Chikala, Chilwa Alkaline Province, Malawi, zirconolite 
occurs also as an accessory mineral, up to 0.3mm in size, in a 
nepheline syenite (sample number BM1980,P23(1), Platt еі a/., 
1987 — microprobe analyses М57-М511, Table 3). Тһе 
rock-forming minerals are alkali feldspar, nepheline, biotite, 
apatite and an opaque oxide phase. 

At Tchivira, Angola, niobian zirconolite 18 reported as 
intimately crystallized with wohlerite from nepheline syenite 
rocks of the alkaline complex (Mariano & Roeder, 1989). 
Analyses NS11 to NS16 are previously unpublished microprobe 
data of zirconolite-(Y) [see above] from Tchivira. 

At Pilanesberg, Transvaal, South Africa (Lurie, 1986), 
zirconolite occurs as an accessory mineral (A.N. Mariano, 
personal communication, 1993). No analytical data is reported. 

At Tre Croci, near Vetralla in the Vico Volcanic complex of 
the Roman Comagmatic Province, Latium, Italy, crystalline 
epitaxial zirconolite occurs as an accessory mineral associated 
with baddeleyite, zircon and rare thorian hellandite in a 
sanidinitic ejectum with-nepheline and sodalite (G.C. Parodi, 
personal communication, 1993). Analyses М517 to NS21 are 
previously unpublished microprobe data from this locality. 


ZIRCONOLITE 


Carbonatite. Carbonatites, with sixteen reported occurrences of 
zirconolite, seem to be the most common host rock type for this 
mineral. In the Kola Peninsula, Russia, zirconolite occurs in four 
separate carbonatite complexes where detailed descriptions, 
including studies on crystal morphology and crystal chemistry, 
is given in Bulakh & Ivanikov (1984). 

In the Afrikanda complex, Kola, zirconolite is described from 
the amphibolitized and fenitized pyroxenites (Borodin et al., 
1956) In Table 3 analyses С1-С3 are wet chemical analyses; 
C1-C2 from Borodin et а/. (1956) and C3 from Bulakh er al. 
(1960). C4 is a microprobe analysis (Wark et al., 1973). 

At Vuoriyarvi, Kola, zirconolite was first described as zirkelite 
(Bulakh et al., 1960), then “... tentatively described as a 
niobium variety, niobozirconolite’ (Borodin et a/., 1960). It is 
associated with  apatite-magnetite rocks (accompanying 
carbonatites, Zhuravleva ег al, 1976), accumulating 
predominantly in apatite, and was also observed replacing 
hatchettolite (Kapustin, 1980). Analyses С5-С7 (Table 3) are 
unpublished wavelength-dispersive microprobe data (CTW) on 
separate grains (BM1970,39); С8-С11 are wet chemical 
analyses: C8—C9 from Borodin et al. (1960), C8 and C11 quoted 
in Kapustin (1980); C10 is from Bulakh et al. (1960). 

Bulakh et al. (1960) refer to zirconolite from the Sayan 
Province, Russia. Analysis C12 (Table 3) is a wet chemical 
analysis from Bulakh et al. (1960). 

At Seblyavr, Kola, niobozirconolite was initially identified as 
zirkelite (Bulakh ег al., 1960) and is described а“... the typical 
mineral of the process of amphibolization-dolomitization 
confined to carbonatite ... (Kapustin, 1980). The mineral is 
partly metamict, it has good symmetry habit and displays 
complicated twinning (Bulakh ег a/., 1960). Associated minerals 
are apatite, clinohumite, tetraferriphlogopite, pyrrhotite and 
richterite. Analysis C13 (Table 3) is a wet chemical analysis from 
Bulakh et al. (1960). 

At Kovdor, Kola, zirconolite is associated with zones of 
carbonatization, Kapustin (1980). С14-С16 (Table 3) аге wet 
chemical analyses: C14-C15 from Kapustin (1980), and C16 
from Kukharenko et al. (1965). Analyses C17-C34 аге 
unpublished wavelength-dispersive micropobe data (CTW), on 
chemically-zoned zirconolite grains in a thin section of 
carbonatite. Associated minerals are baddeleyite and U-Ta-rich 
pyrochlore (Williams, in press). 

At Schryburt Lake, Ontario, Canada, zirconolite occurs 
intergrown with calzirtite, baddeleyite, and U-rich pyrochlore 
(Williams & Platt, in preparation). Microprobe analyses 
(C35-C58, Table 3), show significant variations in EREE;,O, 
and МЬ.О... Some of the grains have EREE?^* >50% of the Ca 
site, and, with Nd as the most abundant REE, this mineral can 
be classified as zirconolite-(Nd), following Bayliss & Levinson 
(1988), and subject to approval from the СММММ. 

At Santiago Island, Cape Verde Republic, non-metamict 
zirconolite-2M occasionally up to 2mm in diameter, occurs as an 
accessory mineral, often associated with pyrochlore, іп 
apatite-rich sóvite, beforsite and glimmerite rocks of the 
Canafistula carbonatitic plug (Silva, 1979; Silva & Figueiredo, 
1980). Analysis C59 (Table 3) is the wavelength-dispersive 
microprobe analysis from Silva & Figueiredo (1980). 

At Phalaborwa, South Africa, zirconolite was first described 
by Verwoerd (1986) from the carbonatite. Analyses С60-С64 
(Table 3) are unpublished wavelength-dispersive microprobe 
analyses by CTW on sample BM1988,260, kindly provided by 
Prof. С. Bayer (ETH, Zürich). In this rock, zirconolite is 
associated with baddeleyite and zircon, the latter mineral 
probably having crystallized at a later stage. Analyses C65-C66 
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ате unpublished microprobe data (from Bochon University) 
from Prof. G. Bayer. 

At Sokli, Finland, zirconolite (reported as zirkelite) was 
originally described by Vartiainen (1980) from hydrothermal 
phoscorites. The crystals have apparently formed ‘... at the 
expense of pyrochlore and occur around and as inclusions in 
pyrochlore . . .", and are also found as separate prisms. Analyses 
C67-C70 (Table 3) are unpublished wavelength-dispersive 
microprobe data from Dr. I. Hornig-Kjarsgaard (pers. comm., 
1992), analysed at the University of Mainz. 

At Kaiserstuhl, Germany, zirconolite occurs with calzirtite, 
baddeleyite, Nb-perovskite and pyrochlore (Keller, 1984). 
Analyses C71 and C72 are wavelength-dispersive microprobe 
analyses (Keller, 1984; Sinclair & Eggleton, 1982). 

In the Hegau volcanic province, Germany, zirconolite 
(described as "Nb-zirconolite") is a typical accessory mineral in 
the carbonatitic tuffs (Keller et a/., 1990). Analyses C73-C88 
(Table 3), are unpublished wavelength-dispersive microprobe 
analyses (CTW) of eight grains from a heavy mineral separate 
provided by Prof. J. Keller (Freiburg). 

At Prairie Lake, Ontario, Canada, niobian zirconolite is 
reported in association with wóhlerite, pyrochlore, betafite and 
niobian perovskite (Mariano & Roeder, 1989). A microprobe 
analysis provided by Dr A.N. Mariano of six major elements is 
shown in Table 3 (C89). 

At the Cummins Range Carbonatite, Kimberley Area, 
Western Australia, accessory zirconolite occurs in an 
apatite-amphibolite rock. Qualitative analysis of the zirconolite 
showed the presence of Ca, Zr, Ti and minor Fe, but with Nb 
absent (Dr. A.N. Mariano, personal communication, 1993). 

At Howard Creek, British Columbia, Canada (Woolley, 1987; 
p.16), zirconolite is associated with zircon, magnetite and 
diopside in an apatite calcite carbonatite (Dr. A.N. Mariano, 
personal communication, 1993). There is no analytical data. 

At Catalao, Goias, Brazil (Woolley, 1987; p.179), zirconolite is 
associated with apatite and phlogopite in a calcite carbonatite 
(Dr. A.N. Mariano, personal communication, 1993). There is no 
analytical data. 

At Araxá, Minas Gerais, Brazil (Woolley, 1987; p.66), 
zirconolite occurs as prismatic crystals with anastase in a 
glimmerite, and also with pyrochlore, baddeleyite and apatite in 
a calcite carbonatite (Dr. А.М. Mariano, personal 
communication, 1993). There is no analytical data. 


Metasomatic Rocks. Zirconolite has been reported from 
metasomatic rocks at nine localities, although analyses from 
only seven of these have been published. 

In the Mt. Melbourne Volcanic Field, Victoria Land, 
Antarctica, zirconolite occurs as isolated grains with a 
maximum grain diameter of 0.08mm within ultra-potassic veins 
in a mantle xenolith from а basanite host (Hornig & Worner, 
1991). The major vein-forming minerals are leucite, plagioclase, 
nepheline, Mg-ilmenite, apatite and titaniferous mica. Analyses 
MI-M7 (Table 3) are selected from Hornig & УУбгпег (1991) as 
being the least ‘contaminated’ by adjacent silicate minerals. 

At the contact between granodiorite with gneisses and 
marbles in the Bergell aureole, Switzerland/Italy, chemically 
discontinuously-zoned  zirconolite is observed, typically 
30—40um in diameter, associated with allanite and titanite, in a 
skarn (Gieré, 1986; Williams & Gieré, 1988). The major minerals 
of the skarn are calcite, spinel, phlogopite and anorthite. The 
microprobe analyses M8-M22 (Table 3) are unpublished data 
(CTW) of eleven grains from three discrete zones, the averages 
of which are published in Williams & Gieré (1988). 


In the  Oetztal-Stubai complex, Austria, within 
polymetamorphic metacarbonates, zirconolite and baddeleyite 
occur in several mineral assemblages consisting of chlorite, 
ilmenite, apatite, spinel, phlogopite, titanian clinohumite, 
olivine, calcite, dolomite and diopside (Purtscheller & Tessadri, 


1985). Analyses М23-М27 (Table 3) are the 
wavelength-dispersive microprobe analyses given Бу 
Purtscheller & Tessadri (1985). 

In the Adamello contact aureole, Italy, 


compositionally-zoned and corroded zirconolite occurs in two 
zones within a Ti-rich vein in dolomite marbles at the contact 
with a tonalite intrusion (Giere, 1990a). In the phlogopite zone, 
zirconolite is always found associated with phlogopite and 
calcite (tdolomite), and occasionally with geikelite, rutile and 
fluorapatite. In the titanian clinohumite zone, zirconolite occurs 
with titanian clinohumite, spinel, calcite, dolomite, pyrrhotite, 
geikelite, fluorapatite and minor secondary chlorite. A detailed 
mineralogical and chemical description is given in Gieré & 
Williams (1992), and analyses M28-M66 (Table 3) are 
wavelength-dispersive microprobe analyses from Gieré (1990b). 

At Koberg Mine, Bergslagen, Sweden, yttrian zirconolite 
occurs as anhedral grains, predominantly 20-30um in diameter, 
in an altered phlogopite-rich sample associated with a marble 
skarn (Zakrzewski et al., 1992). The low analytical totals 
(analyses M67-M94, Table 3) suggest the zirconolite is hydrated 
(Zakrzewski et al., 1992). 

At the agpaitic alkaline syenite complex of Lovozero, Kola, 
zirconolite (reported as ‘zirkelite’) has been described іп а 
mineral assemblage including rosenbuschite, from the contact 
metasomatic rocks of the massif (Semenov ef al., 1963). 
Analyses M95-M96 (Table 3) are the wet chemical data of 
Semenov et al. (1963). 

In a dolomitic marble from the Neichi mine, Iwate Prefecture, 
Japan zirconolite is associated with geikelite and baddeleyite, 
forsterite and spinel (Kato & Matsubara, 1991). The 
composition of zirconolite is close to the theoretical 
composition (analyses M97-M98, Table 3, from Kato & 
Matsubara (1991). 

At Ser Rondane, Antarctica, Grew et al. (1989) report 
zirconolite (qualitative analysis only, cf. p. 119) from a marble 
affected by metasomatic processes which had introduced rare 
metals. Associated minerals include dissakisite-(Ce) (Grew et al., 
1991), calcite, dolomite, phlogopite, chlorite, ilmenite-geikelite 
and spinel. 

Rekharskiy & Rekharskaya (1969) discovered zirconolite 
(reported as zirkelite) intergrown with jordisite and abundant 
metasomatic pyrite, as veins in zones of altered trachytic to 
rhyolitic volcanic rocks. Locality details are not reported. 

Kinny & Dawson (1992) report the occurrence of zirconolite, 
as a rare accessory phase associated with zircon and baddeleyite, 
in a veined and metasomatised harzburgite xenolith from 
Kimberley, southern Africa. Тһе metasomatism is 
MARID-related (Kinny & Dawson, 1992) and considered to be 
associated with kimberlite magma. Analysis M99, Table 3, is the 
unpublished mean of 6 microprobe analyses (Prof. J.B. Dawson, 
pers. comm., 1993). 

Rubin et al. (1993) report zirconolite occurring as inclusions 
in phlogopite in one sample of a complex skarn from the 
Ertsberg District of Irian Jaya, Indonesia. No analytical details 
are given. 


Placer Deposit. Zirconolite is reported as millimetre-sized 
crystals from two placer deposits. 
At Jacupiranga, Sao Paulo, Brazil, zirconolite (named as the 
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new mineral 'zirkelite"), is found with baddeleyite and perovskite 
in the heavy mineral fraction from pyroxene sands of *. . . the 
decomposed magnetite-pyroxenite of Jacupiranga . . .' (Hussak, 
1895; Hussak & Prior, 1895; see also Pudovkina et а/., 1974). 
Analyses РІ, P2 are unpublished wavelength-dispersive 
microprobe analyses (CTW) of separate grains (80142). The wet 
chemical analysis given in Hussak & Prior (1895) is not included 
here, as the chemical separation techniques employed in the 
analysis could only provide qualitative data for ZrO, and TiO,. 
In Sri Lanka, zirconolite (reported as 'zirkelite") was observed 
from two ‘gem gravel’ localities in the Sabaragamuwa Province: 
at Walaweduwa in the Bambarabotuwa district, and in southern 
Sabaragamuwa (Blake & Smith, 1913). Analyses P3, P4 (Table 3) 
аге from Bambarabotuwa, апа Р5-Р7 from Sabaragamuwa; 
analyses P8, P9 are microprobe data from Lumpkin et al. (1986); 
analysis P10 is an unpublished (CTW) wavelength-dispersive 
microprobe analysis of several grains (BM1905,361). 


‘Other’ Rock Types. Sapphirine Granulite: Zirconolite occurs as 
acicular grains in a mineral assemblage including sapphirine, 
spinel, enstatite and minor phlogopite from а sapphirine 
granulite nodule sampled from a xenolith-rich norite wall zone 
in (һе Archaean Vestfold Hills, east Antarctica (Harley, 1994). 
The zirconolite is considered to have been a relatively early 
crystallising phase during the melt crystallisation history of the 
entrapped granulite xenolith. Analyses SG1-SG3 (Table 3) are 
from Harley (1994). 

Alnóite: Thin (1 um) rims of zirconolite (no compositional 
details given) are reported as overgrowing a baddeleyite crystal 
from the ile Bizard ашбие, Québec, Canada (Неатап & Le 
Cheminant, 1993). Although the baddeleyite crystals are 
considered to be mantle-derived xenocrysts, the associated 
overgrowths, which include perovskite and melilite as well as 
zirconolite, are considered to have formed after exposure to the 
alnóite magma. 


Lunar. Zirconolite has been observed in several lunar samples, 
(cf. review by Frondel, 1975). Data from the literature are 
presented as analyses 11-113 (Table 3). It occurs in 
coarse-grained basalts (Apollo 11, 15 and 17), in a feldspathic 


Table 1 Range of chemical variation in natural zirconolite 
Terrestrial* Lunar 
Maximum Minimum Maximum Minimum Theoretical 
composition 
CaO 16.54 01.83 10.70 02.63 16.5 
REE,O, 23.66 0.00 31.98 04.74 
PbO 00.80 00.00 02.19 00.00 
Tho, 22.28 00.00 02.34 00.00 
UO, 23.98 00.00 01.16 00.00 
ZrO, 44.18 22.82 45/40 29.80 36.3 
НО, 01.13 00.00 01.34 00.00 
TiO, 44.91 13.56 34.60 25.48 47.2 
MgO 03.04 00.00 01.15 00.00 
А1,0; 03.47 00.00 01.60 00.35 
ҒеО 10.20 00.00 11.40 04.23 
Ее-О, 09.58 01.08 - e 
Nb;O, 27.00 00.19 04.34 00.00 
Та-О; 05.83 00.00 00.40 00.00 
WO; 01.44 00.00 - - 


*Excluding kimberlite analyses K 1 and K2 (see text) 
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Table 2 Details of zirconolites from terrestrial and lunar occurrences 


Country 


South Africa 
South Africa 
South Africa 
Algeria 
Scotland 


Scotland 


Scotland 
Russia 


Norway 
Norway 
Italy 

U.S.A. 
Malawi 
Poland 
Angola 
South Africa 
Italy 


Russia 


Russia 


Russia 
Russia 
Russia 


Canada 


Cape Verde Republic 


South Africa 


Finland 
Germany - 


Germany 
Canada 
Canada 

W. Australia 
Brazil 
Brazil 


Antartica 
Switzerland/Italy 
Austria 

Italy 

Sweden 
Russia 

Japan 
Antarctica 
Former USSR 
South Africa 
Indonesia 


East Antarctica 
Canada 


Brazil 


Sri Lanka 


Analysis Reference 

number (Occurrence) 

Kl Raber and Haggerty (1979) 
K2 Raber and Haggerty (1979) 
K3 Raber and Haggerty (1979) 
01-02 Lorand and Сойш (1987) 
U3 Williams (1978) 

Gl Harding et al. (1982) 

51 Fowler апа Williams (1986) 
52-84 Borodin et al. (1960) 

55 Berzelius (1824) 

56-57 Brogger (1890) 

- Mazzi апа Миппо (1983) 
М81-М56 Agrell er al. (1986) 
NS7-NS11 Platt et al. (1987) 


- Dziedzic (1984) 
NS12-NS17 Mariano and Roeder (1989) 
- Mariano (pers. comm., 1993) 
NS18-NS22 Parodi (pers. comm., 1993) 


СІ-С4 Borodin et а/. (1956) 
С5-С11 Borodin ег а! (1960) 
(212 Gaidukova et al. (1962) 
СІЗ Bulakh et al. (1960) 
С14-С34  Kukharenko e: al. (1965) 
C35-C58 Williams and Platt (in prep.) 
C59 Silva (1979) 

C60-C66 Verwoerd (1986) 
C67-C70 . Vartianen (1980) 
C71-C72 Keller (1984) 

C73-C88 Keller et al. (1990) 


C89 Mariano and Roeder (1989) 

C90-C135 Mariano (pers. comm., 1993) 
- Mariano (pers. comm., 1993) 
- Mariano (pers. comm., 1993) 
С136-С161 Mariano (pers. comm., 1993) 


М1-М7 Hornig апа Worner (1991) 
М8-М22 Олеге (1986) 
M23-M?7  Purtscheller and Tessadri (1985) 
M28-M66 . Gieré (1990а) 
М67-М94 Zakrzewski et al. (1992) 
M95-M96 Semenov et al. (1963) 
М97-М98 Kato and Matsubara (1991) 
- Grew et al. (1989) 
- Rekharskiy and Rekharskaya (1969) 
M99 Kinny and Dawson (1992) 
- Rubin ег al. (1993) 
SGI-SG3 Harley (1994) 
- Heaman апа LeCheminant (1993) 
РІ-Р2 Hussak (1895); 

Hussak and Prior (1895) 
P3-P10 Blake and Smith (1913) 
І1-14 Lovering and Wark (1971) 
15 Busche ег al. (1972) 
L6-L7 Busche e! al. (1972) 
18 Roedder апа Weiblen (1973) 
19-111 Brown et al. (1972) 
= Lovering and Wark (1974) 
112-113 Meyer and Boctor (1974) 


Reference 
(Analytical data) 


Raber and Haggerty (1979) 
Raber and Haggerty (1979) 
Raber and Haggerty (1979) 


Lorand and Cottin (1987) 
Fowler and Williams (1986) 


Fowler and Williams (1986) 


Fowler and Williams (1986) 

Borodin e! al. (1960, S2); Gaidukova et al 
(1962), 83); Wark et al. (1973, S4) 
Brogger (1890) 

CTW (unpubl. data) 


CTW (unpubl. data) 

Platt et al. (1987) 

No analytical data 

CTW (unpubl. data) 

No analytical data 

CTW (unpubl. data) 

Borodin сг al. (1956, СІ, C2); Bulakh et al. 
(1960, C3); Wark et al. (1973, C4) 
CTW (unpubl. data, C5-C7); Borodin 
et al. (1960, C8. C9); Bulakh et al. 
(1960, C10); Kapustin (1964, C11) 
Gaidukova et al. (1962) 

Bulakh е! al. (1960) 

Kapustin (1980, C14, C15); Kukharenko 
et al. (1965, C16); CTW (unpubl. data, 
C17-C34) 

CTW (unpubl. data) 

Silva and Figueiredo (1980) 

CTW (unpubl. data); 

G. Bayer (unpubl. data) 

Hornig-K jarsgaard (unpubl. data) 
Keller (1984, C71); Sinclair & 
Eggleton (1982, C72) 

CTW (unpubl. data) 

Mariano (unpubl. data) 

CTW (unpubl. data) 

No analytical data 

No analytical data 

CTW (unpubl. data) 

Hornig and Worner (1991) 
Williams and Gieré (1988) 
Purtscheller and Tessadri (1985) 
Gieré (1990b) 

Zakrzewski et al. (1992) 

Semenov et al. (1963) 

Kato and Matsubara (1991) 

No analytical data 

No analytical data 

Dawson (unpubl. data) 

No analytical data 

Harley (1994) 

No analytical data 

CTW (unpubl. data) (3) 


Blake and Smith (1913, P3-P7); 
Lumpkin ег al. (1986, P8-P9); 
CTW (unpubl. data, P10) 


Wark et al. (1973) 

Busche et al. (1972) 

Busche et al. (1972); Wark et al. (1973) 
Roedder & Weiblen (1973) 

Brown et al. (1972); Wark et al. (1973) 
No analytical data 

Meyer and Boctor (1974) 


А M — ———————————— 


Rock type Sample locality 
Kimberlite Monastery 

Kimberlite Mothae 

Kimberlite Kimberley 

Ultrabasic Laouni 

Ultrabasic Rhum (+) 

Gabbro Pegmatite St. Kilda 

Syenite Glen Dessarry 

Syenite Arbarastakh, Aldan 
Syenite Fredericksvark (*) 
Syenite Langesundfjord (+) 
Syenite Campi Flegrei 
Nepheline Syenite Pine Canyon, Utah 
Nepheline Syenite — Chilwa Island (+) 
Nepheline Syenite Elk Massif 

Nepheline Syenite — Tchivira 

Nepheline Syenite Pilanesberg, Transvaal 
Nepheline Syenite Tre Croci, Latium 
Carbonatite Afrikanda, Kola (**) 
Carbonatite Vuoriyarvi, Kola(+) 
Carbonatite Sayan Province 
Carbonatite Seblyavr, Kola 
Carbonatite Kodvor, Kola (+) 
Carbonatite Schryburt Lake (+) 
Carbonatite Santiago Island 
Carbonatite Phalaborwa(+) 
Carbonatite Sokli 

Carbonatite Kaiserstuhl 
Carbonatite Hegau 

Carbonatite Prairie Lake, Ontario 
Carbonatite Howard Creek, B.C. 
Carbonatite Cummins Range, Kimberly 
Carbonatite Catalao, Goias 
Carbonatite Araxa, Minas Gerais 
Metasomatic Mt. Melbourne 
Metasomatic Bergell (+) 
Metasomatic Oetzal-Stubai 
Metasomatic Adamello (+) 
Metasomatic Koberg, Bergslagen (+) 
Metasomatic Lovozero, Kola 
Metasomatic Neichi, Iwate Prefecture 
Metasomatic Ser Rondane 
Metasomatic p 

Metasomatic Kimberley 
Metasomatic Irian Jaya 
Metamorphic Vestfold hills 

Alnóite ile Bizard, Quebec 
Placer (1) Jacupiranga (***) (+) 
Placer (2) Sabaragamuwa Province (+) 
Lunar Apollo 11 Landing Site 
Lunar Apollo 12 Landing Site 
Lunar Apollo 14 Landing Site 
Lunar Luna 20 Landing Site 
Lunar Apollo 15 Landing Site 
Lunar Apollo 16 Landing Site 
Lunar Apollo 17 Landing Site 
(*) type POLYMIGNITE \ 

(**) type ZIRCONOLITE | 

(***) type ZIRKELITE 

(+) In BMNH collection 


now all renamed as zirconolite (see Bayliss ef а/.. 1989) 


(1) Heavy mineral fraction from pyroxene sand; (2) Heavy mineral fraction from alluvial deposits: two separate localities; (3) Analysis from Hussak & Prior (1895) not included as method used could 
not adequately distinguish Ti from Zr. 


K1 K2 K3 91 
MgO 1.20 0.31 0.49 0.19 
AI203 0.13 0.04 0.23 0.59 
502 - - - - 
Сао 10.11 9.09 11.10 10.67 
тог 29.16 16.70 40.48 35.67 
Cr203 1.10 0.06 0.09 0.05 
MnO 0.11 0.15 0.11 - 
FeO 6.94 2.38 5:15 4.85 
Fe203 - - - - 
203 - - - 2.50 
2г02 51 12 TISZA 41.91 43.58 
Nb205 - - - 0.22 
La203 - - - 0.02 
Ce203 - - - 0.18 
Pr203 - - - 0.15 
Nd203 - - - 0.17 
50203 - - - - 
Eu203 - - - - 
54203 - - - - 
Tb203 - - - - 
ру203 - - - - 
Но203 - - - - 
Er203 - - - - 
Tm203 - - - - 
Yb203 - - - - 
Lu203 - - - - 
HfO2 - - - 0.34 
Ta205 - - - - 
УУОЗ - - - - 
РРО - - - - 
ThO2 - - - 0.41 
и02 - - - - 
(Ма,К)20 - - - - 
H20 - - - - 
"Others" - - - - 
TOTAL 9987 100.00 99.56 99.59 
Ca2+ 0.667 0.637 0.698 0.690 
(Y*REE)3* 0.000 0.000 0.000 0.091 
Pb2+ - - - - 
Th4+ - - - 0.006 
U4+ - = = = 
SUM Ca2+ 0.667 0.637 0.698 0.788 
2г4+ 1.534 2.272 1.199 1.283 
Hf4+ - - - 0.006 
SUM 2г4% 1.534 2.272 1.199 1.289 
Ti4* 1.349 0.821 1.786 1.620 
Si4* - - - - 
Mg2+ 0.110 0.030 0.043 0.017 
Mn2+ 0.006 0.008 0.005 - 
Fe2+ 0.357 0.130 0.253 0.245 
Fe3+ - = 2 5 
АЗ» 0.009 0.003 0.016 0.042 
Сга+ 0.054 0.003 0.004 0.002 
Nb5* - - - 0.006 
Ta5* - - - - 
W6+ - - - - 
SUM Ti4+ 1.885 0.996 2 107 1.932 
TOTAL 4.085 3.904 4.004 4.009 


0.12 
100.56 


96.85 


cations to 7 oxygens 


0.865 
0.119 
0.003 
0.025 
0.010 
1.022 


1.047 
0.010 
1.057 


0.513 
0.361 
0.007 
0.061 


0.942 


0.694 
0.202 


0.039 
0.019 
0.954 
1.106 
0.010 
1.117 


1.576 


0.005 
0.311 


0.033 


0.054 
0.000 


1.980 


4.051 


0.695 
0.194 


0.031 
0.011 
0.931 
1.118 
0.012 
1.131 


1.585 


0.002 
0.299 


0.036 


0.054 
0.004 


1.980 


4.041 


NS4 NS5 NS6 NS7 
- - - 0.05 
0.50 0.44 0.42 0.43 
<.05 «.05 «.05 3.25 
10.21 10.66 10.31 1.83 
33.90 33.68 33.93 24.80 
0.13 0.03 0.04 0.54 
5.68 5.65 5.46 4.56 
1.90 175 1.76 3.70 
35.84 37.29 36.22 27.30 
1.91 2.20 2.02 6.90 
0.31 0.35 0.31 0.34 
1.05 1.29 1.08 1.57 
0.25 0.23 0.15 0.41 
2.26 2.24 2.05 3.61 
0.49 0.44 0.41 0.98 
0.12 0.12 0.11 0.26 
0.40 0.49 0.54 1.09 
0.46 0.41 0.32 1.12 
0.24 0.25 0.13 0.52 
0.24 0.17 0.27 0.60 
0.77 0.57 0.57 0.40 
0.12 0.05 0.09 0.77 
1.95 1.28 1.09 n3» 
0.58 0.37 0.36 1.82 
99 31 99.96 97.64 94.22 
0.690 0.713 0.701 0.139 
0.192 0.189 0179 0.398 
0.028 0.018 0.016 0.119 
0.008 0.005 0.005 0.029 
0.918 0.926 0.901 0.685 
1.102 1.135 1.121 0.945 
0.014 0.010 0.010 0.008 
1.116 1.145 1.131 0.953 
1.607 1.581 1.619 1.324 
- - - 0231 

- - - 0,005 
0.007 0.002 0.002 0.032 
0.299 0.295 0.290 0.271 
0.037 0.032 0.031 0.036 
0.054 0.062 0.058 0.221 
0.002 0.001 0.002 0.015 
2.008 1973 2002 2.135 
4.041 4.045 4.034 3.773 
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Ca2+ 
(Y+REE)3+ 
Pb2+ 


Zr4+ 
Hf4+ 
SUM Zr4+ 


Ti4+ 
Si4+ 
Mg2+ 
Мп2+ 
Ее2+ 
Fe3+ 
Ai3+ 
Cr3+ 
Nb5* 
Ta5* 
W6* 
SUM Ti4+ 


TOTAL 


0.524 
0.386 


0.067 
0.015 
0.992 
0.903 
0.008 
0.911 
1.326 
0.018 
0.029 
0.472 
0.060 


0.248 
0.013 


2.165 


4.068 


NS9 


NS10 


0.09 
0.68 
<.07 
8.43 
27.80 


0.28 
8.47 


3.33 
29.20 


М511 


0.11 
0.56 
<.07 
10.03 
28.30 


0.21 
7.66 


1.84 
29.40 


NS12 


3.09 
2.97 
0.17 
4.08 
32.18 


<.05 
1.03 


9.37 
33.09 


М513 


3.04 
2.97 
0.12 
412 
32.30 


<.05 
1.03 


9.38 
32.97 
0.34 


NS14 


3.53 
3.43 
2.02 
3.87 
30.79 


<.05 
1.00 


8.85 
32.09 


М515 


2.92 
2.89 
0.15 
4,38 
32.12 


<.05 
0.98 


9.27 
32.82 
0.47 


NS16 


3.30 
2.94 
0.13 
3.64 
31.77 
<.05 
0.95 


9.36 
32.49 
0.25 


М517 


98.80 


0.284 
0.566 
0.003 
0.010 
0.004 
0.867 


0.993 
0.008 
1.001 
1.560 
0.011 
0.281 
0.056 
0.199 
0.015 


0.006 
2.129 


3.997 


NS18 


<.05 
0.26 
<.05 
7.06 
24.72 


0.98 
8.25 


1.16 
29.30 
3.29 
0.56 
3.62 
0.47 
1.60 
0.31 


98.62 


cations to 7 oxygens 


0.542 
0.220 
0.000 
0.184 
0.083 
1.029 


1.024 
0.008 
1.032 


1.333 
0.000 
0.003 
0.060 
0.495 


0.022 


0.107 


2.019 


4.080 


NS19 


7.24 
22.35 


1.04 
8.46 


0.78 
26.00 


99.43 


0.565 
0.190 
0.000 
0.158 
0.177 
1.089 


0.923 
0.006 
0.929 


1.224 
0.006 
0.009 
0.064 
0.515 


0.016 
0.199 
0.008 
0.002 
2.042 


4.061 


NS20 


NS21 


<.05 
0.29 
0.07 
915 
26.00 


0.75 
7.81 


0.49 
32.27 
5.35 
0.83 
4.46 
0.40 
1.17 
0.14 


М522 


0.05 
0.25 
0.06 
7-53 
24.57 


0.78 
8.21 


1.13 
30.90 
5.97 
1.04 
5.62 
0.45 
2.28 
0.45 


Ci 


0.45 
1.03 
2.05 
11.05 
31.69 


32.84 
3.26 


6.22 


0.06 


С5 


0.37 
<.05 
<.05 
11.23 
15.42 


0.55 
7.41 


0.745 
0.020 


2.022 


3.982 


c6 
0.70 
<.05 


«.05 
11.50 


0.731 
0.020 


2.034 


4.011 
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С154 С155 C156 C157 C158 C159 C160 C161 M1 M2 M3 M4 M5 M6 М7 M8 M9 M10 M11 M12 M13 
MgO 0.19 0.15 0.13 0.22 0.15 0.11 0.11 0.16 0.38 0.31 0.29 0.36 0.49 0.48 0.50 «.04 0.09 «.04 <.04 <.04 <.04 
Al203 0.10 0.10 0.09 0.09 0.08 0.11 0.10 0.10 0.53 0.53 0.54 0.58 0.70 0.58 0.72 0.71 0.67 0.60 0.64 0.65 0.54 
Sio2 «.05 0.10 <.05 <.05 0.24 0.08 <.05 <.05 0.15 0.14 0.42 0.27 0.40 0.21 0.44 0.09 0.13 0.09 0.09 0.11 0.07 
Сао 12.38 12.68 12.35 12.13 12.65 12.67 12.87 12.72 12.36 12.18 12.53 12.02 13.15 12.95 14.72 13.11 13.52 14.94 14.44 12.93 14.06 
тог 31.37 31.50 31.34 30.67 32.27 32.60 32.74 31.85 29.91 30.73 30.21 29.78 33.15 34.03 36.85 36.85 37.99 38.79 39.24 37.21 39.76 
Сг203 - - - - - - - - - - - - - - - - - - - - - 
MnO 0.07 0.11 0.12 0.15 0.09 0.10 0.05 0.08 - - - - - - - <.05 <.05 <.05 <.05 0.06 <.05 
FeO 5.62 5.34 5.34 5.81 5.16 5.14 5.16 5.33 6.18 5.85 6.18 6.15 4.93 4.74 3.93 - - - - - - 
Fe203 - - - - 5 - - - - = - - - “ - 5.07 4.73 3.96 4.54 5.29 4.21 
Y203 0.55 0.45 0.58 0.52 0.60 0.53 0.56 0.56 0.58 0.67 0.01 0.70 0.55 1.15 0.24 0.58 0.69 0.31 0.48 1.07 1.16 
2г02 34.94 33.69 33.42 34.10 34.17 33.81 33.84 34.13 32.62 32.08 35.92 32.40 29.73 30.35 28.55 35.26 34.17 34.32 35.77 33.13 33.47 
№205 5.34 5.30 5.75 6.15 5.40 4.90 5.28 5.48 10.53 9.66 9.39 9.83 10.29 8.72 11.08 0.44 0.51 0.45 0.37 1.07 0.34 
La203 0.13 0.11 0.12 0.11 0.13 0.12 0.12 0.12 - - - - - - - 0.18 0.15 0.15 0.17 0.16 0.12 
Се2О3 1.15 1.07 1.19 1.24 1.13 1.11 1.18 1.24 3.71 3.78 2.40 4.03 2.20 1.95 0.45 1.46 1.03 1.06 1.35 1.02 1.01 
Pr203 0.19 0.20 0.18 0.17 0.23 0.23 0.22 0.23 - - - - - - - 0.17 <.09 <.09 0.13 0.11 <.09 
Nd203 1.14 1.02 1.25 1.14 1.14 1.16 1.19 1.19 - - - - - - - 0.68 0.61 0.47 0.77 ТІЛІ 0.79 
5т203 0.32 0.31 0.36 0.35 0.30 0.32 0.35 0.30 - - - - - - - 0.15 0.36 0.13 0.29 0.38 0.25 
Eu203 0.08 0.11 0.12 0.10 0.11 0.13 0.04 0.08 - - - - - - - - - - - - - 
Gd203 0.29 0.23 0.32 0.30 0.29 0.26 0.32 0.29 - - - - - - - 0.19 0.22 0.16 0.21 0.44 0.19 
Tb203 - - - - - - - - - - - - - - - - - - - - - 
Dy203 0.21 0.18 0.20 0.20 0.22 0.21 0.23 0.25 - - - - - - - 0.32 013 «.12 «.12 0.38 0.33 
Ho203 - - - - т - = - z 5 - = - - - - - - - - - 
Er203 <1 <1 0.10 <1 <1 <1 «41 «л - - - - - - - 0.16 0.19 «.12 <.12 0.33 0.30 
Тт203 - - - - - - - - - - - - - - - - - - - - . 
Yb203 - - - - - - - - - - - - - - - <.1 «1 <A <T <.1 0.27 
Lu203 - - - - - - - - - - - - - - - - - - - - - 
HfO2 0.82 0.78 0.79 0.80 0.87 0.73 0.78 0.77 0.49 0.39 0.72 0.45 0.23 0.35 0.34 0.52 0.68 0.32 0.55 1.00 0.65 
Ta205 0.45 0.35 0.41 0.53 0.32 0.43 0.36 0.39 - - - - - - - <.1 <.1 <.1 <.1 <.1 <.1 
Моз <.1 <.1 <1 0.15 <1 <1 0.13 «4 - - - - - - - 144 1.16 0.53 0.91 0.90 0.92 
PbO 0.14 <1 <1 0.13 <.1 <.1 <.1 <.1 - - - - - - - <.1 <1 <.1 <.1 «л <.1 
Tho2 1.66 0.98 1.17 2.03 0.95 1.13 0.94 1.22 0.61 1.04 0.17 1.47 1.90 1.96 1:25 0.61 2.37 0.26 0.60 2.43 1.07 
џог 0.40 0.33 0.34 0.46 0.24 0.29 0.21 0.34 - - - - - - - 0.37 0.91 0.22 0.19 1.55 0.20 
(Ма,К)20 - - - - - - - - - - - - - - - - - - - - - 
H20 - - - - - - - - - - - - - - - - - - - - - 
"Others" - = E - - - 5 - - - = - - - - = - = c = = 
TOTAL 97.54 95.08 95.64 97.52 96.71 96.17 96.77 96.84 98.05 97.36 98.78 98.04 97.72 97.47 99.07 98.36 10031 96.76 10074 101.39 99.71 

сайоп$ (о 7 охудеп5 

Са2% 0.845 0.878 0.855 0833 0.860 0.867 0.874 0.869 0.828 0.820 0.826 0.810 0.864 0.854 0.928 0.851 0.865 0.963 0.905 0.830 0.893 
Y+REE3+ 0.098 0.090 0106 0.100 0.100 0.098 0.101 0.103 0.104 0.109 0.054 0.116 0.067 0.082 0.017 0.090 0.080 0.058 0.077 0.119 0.104 
Pb2+ - - - - - - - - - - - - - - - - - - 0.001 0.001 0.000 
Тһ4% 0.024 0.014 0.017 0.030 0014 0.016 0.014 0.018 0.009 0.015 0.002 0.021 0.027 0.027 0017 0.008 0.032 0.004 0.008 0.033 0.014 
U4+ 0.006 0.005 0.005 0.006 0.003 0.004 0.003 0.005 - - - - - - - 0.005 0.012 0.003 0.002 0.021 0.003 
SUM Ca2* 0.976 0.987 0.985 0.971 0.976 0.986 0.992 0.994 0.941 0.945 0.883 0.947 0.958 0.963 0.962 0.954 0.989 1.028 0.994 1.004 1.015 
2г4+ 1.086 1.062 1.053 1.066 1.057 1.052 1.046 1.061 0.994 0.983 1.078 0.993 0.889 0.911 0.819 1.041 0.995 1.007 1.021 0.968 0.968 
Нг4+ 0.015 0.014 0.015 0.015 0.016 0.013 0.014 0.014 0.009 0.007 0.013 0.008 0.004 0.006 0.006 0.009 0.012 0.005 0.008 0.017 0.011 
SUM 214+ 1.101 1.076 1.068 1.080 1.072 1.066 1.061 1.075 1.003 0.990 1.091 1.002 0.893 0.917 0.825 1.050 1.007 1.013 1.030 0.986 0.979 
Ti4* 1.503 1.531 1.523 1.478 1.539 1.565 1.561 1.527 1.406 1.453 1.398 1.408 1.529 1.575 1.631 1.678 1.706 1.756 1.727 1.677 1.773 
Si4* - 0006 - - 0.015 0.005 - - 0.009 0.009 0.026 0.017 0.025 0.013 0.026 0.005 0.008 0.005 0.005 0.007 0.004 
Ма2+ 0.018 0.014 0.013 0021 0.014 0.010 0.011 0.016 0.035 0.029 0.027 0.034 0.045 0.044 0.044 - 0.008 - 0.002 - - 
Mn2+ 0.004 0.006 0006 0.008 0.005 0.005 0.003 0.004 - - - - - - - - - 0.001 - 0.003 0.002 
Ее2+ 0.299 0.289 0.289 0312 0273 0.275 0.273 0.284 0.323 0.308 0.318 0.323 0.253 0.244 0.193 - - - - - - 
Fe3+ - - - - - - - - - - - - - - - 0.231 0213 0179 0.200 0.239 0.188 
AI3* 0.008 0.008 0.007 0.006 0.006 0.008 0.007 0.008 0.039 0.039 0.039 0.043 0.051 0.042 0.050 0.051 0.047 0.043 0.044 0.046 0.038 
Cr3+ - - - - - - - - - - - - - - - = - Е = = 5 
Nb5* 0.154 0.155 0.168 0.178 0.155 0.141 0.151 0.158 0.298 0.275 0.261 0.279 0.285 0.243 0295 0.012 0.014 0.012 0.010 0.029 0.009 
Ta5* 0.008 0.006 0.007 0.009 0.006 0.007 0.006 0.007 - - - - - - - - - - - - - 
W6* - - - 0.003 - - 0.002 - - - - - - - - 0.023 0.018 0.008 0.014 0.014 0.014 
SUM Ti4+ 1.994 2.015 2.013 2.005 2014 2.017 2.015 2.004 2.111 2.112 2.070 2.105 2.188 2.161 2.239 2.000 2.013 2.004 2.002 2.015 2.027 
TOTAL 4.071 4.077 4.067 4.067 4.063 4.068 4.067 4.073 4.055 4.047 4.044 4.054 4.039 4.041 4.026 4.004 4.009 4.045 4.025 4.004 4.021 
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SUM Ti4+ 2023 2018 2017 2.031 1995 1976 2017 1.959 1978 2017 2.053 2.057 1979 2.118 2.036 2005 1.988 1.955 1965 1.994 2.033 


MgO «.04 0.09 <.04 <.04 <.04 <.04 0.18 <.04 <.04 0.30 0.56 0.63 0.22 0.31 0.93 0.75 0.59 1.21 1.21 0.16 0.14 

AI203 0.52 0.62 0.56 0.74 0.72 0.76 0.68 0.67 0.62 0.98 1.12 1.14 0.80 0.82 1.24 1.17 1.39 0.64 0.79 1.28 1.39 

5:02 0.16 0.11 <.05 <.05 <.05 <.05 <.05 <.05 <.05 0.06 0.10 0.08 - - <.06 <.06 «.06 <.06 <.06 0.18 0.22 

CaO 15.28 15.21 14.44 11.38 10.59 12.07 7.67 9.53 8.84 13.39 12.24 10.97 13.94 13.78 8.86 9.74 10.68 12.20 12.11 14.05 14.44 

TiO2 41.21 41.60 39.97 34.54 32.34 33.62 29.57 30.67 29.62 35.52 25.86 31.12 40.91 42.64 29.43 31.61 33.48 33.21 32.18 39.35 41.59 

Сггоз - - - - - - - - - 0.01 - - - 0.02 - - - - - - - 

MnO <.05 <.05 <.05 <.05 <.05 0.09 0.09 0.07 0.09 0.01 - - - 0.04 0.19 0.13 0.12 0.10 0.12 0.07 <.05 

Ғео - - - - - - - - - 3.12 4.93 5.36 1.28 2.38 4.30 3.48 2.79 1.96 2.26 172 1.01 

Fe203 3.16 3.27 3.73 6.32 7,02 5.70 8.40 7.42 7.91 - - - - - - - - = 2 = o 

Ү203 0.29 0.42 0.70 3.08 2.92 3.13 6.71 6.91 8.07 2.10 3.08 0.18 0.14 0.22 0.22 0.20 0.94 1.19 0.42 0.18 

2702 34.41 35.71 3397 3101 30.54 32.14 28.53 30.97 28.10 35.35 34.72 35.15 38.64 35.71 26.85 29.37 30.70 3028 29.44 33.74 33.80 

Nb205 0.40 0.30 0.50 1.96 1.59 1.93 1.51 2.03 1.68 5.94 16.47 5.71 1.63 2.49 0.85 0.81 0.51 1.98 2.16 0.51 0.43 

La203 0.18 0.19 0.17 0.15 0.07 0.10 <.07 <.07 <.07 - - - - - 0.12 0.23 0.17 0.14 0.07 0.28 0.21 

Се203 0.98 0.94 0.31 0.66 0.99 1.34 0.16 0.33 0.21 0.56 0.15 0.46 0.21 0.22 1.34 1.18 1.48 1.68 Дд 1.48 1.33 

Pr203 0.10 0.10 <.09 0.21 0.15 0.21 <.09 <.09 <.09 - - - - - <.14 <.14 <.14 0.38 0.39 0.24 «.14 

Nd203 0.45 0.52 0.57 1.20 1.22 1.74 0.42 0.72 0.54 0.04 0.32 0.11 - - 0.65 0.65 0.71 1.88 2.38 0.94 0.70 

Sm203 <12 <.12 0.28 0.62 0.57 0.54 0.49 0.57 0.58 0.17 - 0.21 0.04 0.03 «.14 «.14 <14 0.52 0.65 <.14 <.14 

Eu203 - - - - - - - - - 5 - 0.07 - - - - - - - - - 

Gd203 0.16 <.15 0.51 0.80 0.61 0.61 0.79 0.95 0.96 0.41 - 0.32 0.06 0.07 <.16 <.16 «.16 0.42 0.48 <.16 <.16 

Tb203 - - - - - - - - - - - - - - - - - - - - - 

Dy203 «.12 «.12 <.12 0.61 0.68 0.52 1.67 1.36 1.87 0.34 0.31 1.01 0.09 0.07 <.16 <.16 <.16 0.29 0.45 <.16 <.16 

Ho203 - - - - - - - - - - 0.30 - 0.21 - - - - - - - - 

Er203 <12 <.12 0.19 0.47 0.39 0.34 1.38 0.85 1.37 - - - - - «.17 <.17 <17 «.17 «17 «.17 «.17 

Tm203 - - - - - - - - - - - - - - - - - - - - - 

Yb203 «.1 <.1 <1 0.43 0.31 0.24 1.02 0.72 0.90 - - - - - «.18 <.18 «.18 <.18 <.18 <.18 <.18 

Lu203 - - - - - - - - - - - - - - - - - - - - - 

HfO2 0.50 0.50 0.57 0.74 0.36 0.78 0.66 0.70 0.47 0.69 0.68 0.71 0.77 0.30 0.37 <.24 <.24 0.70 0.85 0.40 <.24 

Та205 <.1 <.1 <.1 <1 <1 «1 <1 «4 <1 0.25 0.95 0.46 - 0.15 <.27 <.27 <.27 <.27 <.27 <.27 <.27 

Wo3 0.83 0.58 0.74 0.57 0.56 0.96 1.24 0.86 0.76 - - - - - 0.55 0.81 <.3 <.3 <.3 «3 «3 

PbO «.1 <.1 <.1 <.1 <.1 <.1 0.18 <1 <1 0.11 - - - - - - - - - - - 

Tho2 0.22 0.21 1.75 1.87 4.88 0.76 1.01 1.20 1.16 0.39 1.65 1.38 0.01 0.21 17.07 15.09 13.62 7.49 6.44 4.00 2.73 

002 0.14 0.02 0.27 1.88 3.43 0.75 1.18 2.89 3.81 0.02 0.86 0.81 0.07 0.20 5.93 3.87 2.91 2.56 2.58 1.47 0.79 

(Ма,К)20 - - - - - - - - - - - - - - - - - - - - - 

H20 - - - - - - - - - - - - - - - - - - - - - 

“Others” - - - - - - - - - - - - - - - - - - - - - 

TOTAL 8.99 160.39 99.23 99.24 9994 98.33 99.54 99.42 97.56 99.76 101.22 98.78 99.06 99.67 98.90 99.11 99.35 98.58 97.52 100.29 98.96 

cations to 7 oxygens 

Ca2+ 0.958 0939 0.917 0.757 0.721 0.807 0.540 0.651 0.624 0.857 0.803 0.734 0873 0.852 0.660 0.701 0.748 0.847 0.853 0.903 0.915 

Y+REE3+ 0052 0.055 0.067 0.211 0208 0.226 0.363 0.353 0.424 0.098 0.022 0.148 0018 0.012 0.062 0.058 0.063 0155 0.186 0.078 0.054 

Pb2+ - 000 0.001 - - - 0.003 0.001 0.001 0.002 - - - - - - - - - - - 

Th4* 0003 0003 0024 0.026 0.071 0.011 0.015 0.017 0.017 0.005 0.023 0.020 0000 0003 0.270 0.231 0203 0.110 0.096 0.055 0.037 

04% 0002 0.000 0.004 0.026 0048 0010 0.105 0.041 0.056 0.000 0.012 0.011 0.001 0.003 0.092 0.058 0042 0.037 0.038 0.020 0.010 

SUM Са2+ 1.005 0.997 1.012 1.020 1.048 1.055 1.026 1.063 1.123 0.963 0.860 0.913 0892 0869 1.084 1.047 1.057 1.150 1.173 1.055 1.016 

2г4+ 0.982 1.004 0.981 0.939 0946 0.978 0.914 0.963 0.903 1.030 1.037 1.070 1.102 1.005 0911 0.962 0.979 0.957 0.943 0.987 0.975 

Hf4+ 0.008 0.008 0010 0.013 0007 0.014 0.012 0.013 0.009 0.012 0.012 0.013 0013 0006 0.007 - - 0013 0016 0.007 - 

SUM Zr4* 0.990 1.012 0.991 0.952 0953 0.992 0.926 0.976 0.912 1.042 1.048 1.082 1.114 1.011 0.918 0.962 0979 0.970 0.959 0.994 0.975 б 

Ti4+ 1.814 1.803 1.781 1.612 1.546 1.578 1.461 1.471 1.469 1.596 1.191 1.461 1.799 1.850 1.540 1.596 1.647 1.619 1.590 1.775 1.849 Ж 

514+ 0.009 0.006 0.001 - 0.001 - - 0.001 - 0.004 0.006 0.005 - - - - - - - 0.011 0.013 = 

Mg2+ - 0.008 0.004 0.005 0.002 - 0.018 0.004 - 0.027 0.051 0.059 0019 0.027 0.096 0.075 0058 0117 0.118 0.014 0.012 gg 

Mn2* 0.001 - 0.002 0.001 0002 0.005 0.005 0.004 0.005 0.001 - - - 0002 0011 0.007 0.007 0005 0.007 0.004 - = 

Fe2+ - - - - - - - - - 0.156 0.252 0.280 0063 0.115 0.250 0.195 0.153 0.106 0.124 0.086 0.050 > 

Fe3+ 0139 0142 0168 0.295 0336 0.268 0.415 0.356 0.393 - - - - - - - - - - - - = 

АЗ 0.036 0.042 0.039 0.054 0054 0056 0.053 0.050 0048 0069 0081 0.084 0055 0056 0.102 0.093 0107 0049 0.061 0.091 0.097 2 

Сга+ - - - - - - - - - 0000 - - - 0.001 - - - - - - - 

Nb5+ 0.011 0.008 0.013 0.055 0.046 0.054 0.045 0.059 0050 0.160 0.456 0.161 0.043 0.065 0.027 0.025 0.015 0.058 0.064 0.014 0.011 = 

Ta5* - - - - - - - - - 0.004 0.016 0.008 - 0,002 - - - - - - - ра 

W6+ 0.013 0.009 0.011 0.009 0009 0.016 0.021 0.014 0.013 - - - 0.010 0.014 - O 
ті 
ж 
tr 


TOTAL 4.028 4027 84021 4.003 3996 4022 3.969 3.998 4013 4022 3961 4.052 3.985 3998 4038 4014 4.021 4075 4097 4042 4023 
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24+ 
Hf4* 
SUM Zr4* 


ТМ» 
54+ 
Ма2+ 
Мп2+ 
Ее2+ 
Fe3+ 
АВ 
Cr3+ 
Nb5* 
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W6+ 
SUM Ті4» 
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peridotite (Apollo 12), іп lithic fragments (Apollo 14, LUNA 
20), and in a metamorphosed breccia (Apollo 16). Zirconolite is 
often associated with baddeleyite as small discrete crystals, no 
larger than 50шп in diameter, and is considered to have 
crystallised at a late stage from interstitial liquids in the lunar 
basalts (e.g. Busche et al., 1972). 

Lunar zirconolites are generally rich in Y and heavy-REE 
when compared with terrestrial zirconolites (Lovering & Wark, 
1974; Kochemasov, 1980; Fowler & Williams, 1986). The 
majority of the lunar zirconolites have EREE?* > 50% of the Ca 
site, and with Y being the dominant REE, these may be 
considered as zirconolite-(Y). 


DISCUSSION AND CONCLUSION 


Zirconolite occurs as an accessory mineral only, generally less 
than 0.1mm in diameter, but from a wide variety of rock types. 
Its small size and low modal abundance means that it can be 
easily overlooked using traditional optical microscopy. 
However, with the increasing accessibility of analytical scanning 
electron microscopes (usually with a backscatter electron 
detector attached), zirconolite, even if present at a very low 
modal abundance, will be readily observed, because its 
backscatter component is considerably higher than the majority 
of the rock-forming minerals. It is probable therefore, that the 
number of zirconolite occurrences will increase significantly in 
the near future. 

It is also evident that zirconolite is often zoned, and/or finely 
intergrown with other minerals, and early bulk chemical 
analyses were unable to characterise fully the chemical 
variability of this mineral. Microprobe analyses, together with a 
detailed SEM investigation, is therefore essential in any study. It 
is generally recommended that microprobe analysis is performed 
using wavelength-dispersive means, because zirconolite can 
accommodate more than 30 elements at the 0.1 to 1.0 wt.% 
concentration level (which in energy-dispersive electron 
microprobe analysis is close to, or below, the detection limit), 
However, quantitative analysis of sub-micron zones has been 
successfully undertaken using an energy-dispersive analytical 
transmission electron microscope (Lumpkin ef al., 1994). 

As can be seen from the data for natural zirconolite, the range 
of elements substituting, and the degree of substitution are 
extensive. The most commonly occurring elements, and 
therefore the minimum that should be reported in any 
microprobe analysis of zirconolite are: Mg, Al, Si, Ca, Ti, Mn, 
Fe, Y, Zr, Nb, Hf, Ta, W, Pb, Th, U and of the REE, La, Ce, Pr, 
Nd, Sm, Gd. 

It should also be noted that Cr and Zn are present in some 
zirconolites: Cr predominantly from lunar samples, and Zn 
occasionally from metasomatic samples (e.g. Zakrzewski et al., 
1992). H,O has been reported in wet chemical analyses of 
separated grains (e.g. Borodin et al., 1960; Bulakh et al., 1960), 
and has also been inferred from low analytical totals of 
microprobe data (e.g. Platt ег al., 1987; Zakrzewski et al., 1992). 
Na and K, although also quoted in some wet chemical analyses 
of separated grains, have not been observed in microprobe 
analyses. It is probable therefore, that Na and K are not present 
to any significant extent in zirconolite. It is of note also, that Sr 
and Ba generally do not occur in natural zirconolite, and Pb only 
rarely does so. These elements might have been expected to 
substitute more readily for Ca, but it appears that the Ca 
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structural site does not easily accommodate 2- cations larger 
than Ca. The valency state of Fe in zirconolite is unclear: where 
measured directly on mineral separates, both ҒеО and Fe,O, are 
present. 

It is evident that zirconolite, although invariably occurring 
only as an accessory or 'trace' mineral in a range of rock types, is 
able to accommodate many incompatible elements, such as 
REE, ACT, Nb, Zr, Hf, Ta to concentration levels whereby it can 
become a major repository for these elements. As such, it has the 
potential for playing а significant role іп the 
petrological/geochemical evolution of those rock-types in which 
it crystallizes. Several studies have provided evidence that 
zirconolite can reflect changes in the composition of the fluid 
during its evolutionary history, both in metasomatic systems | 
(Williams & Gieré, 1988; Gieré & Williams, 1992), and in 
magmatic fractionation processes (Platt er al., 1987). 

It is hoped that this review and compilation will prove useful 
as a comparative database for geologists who discover 
zirconolite in their samples, and also to material scientists 
working on various SYNROC projects, in order that they can 
compare laboratory-based experiments on synthetic zirconolite 
with studies of the natural forms of zirconolite. 

This database is available in a computerised format from 
CTW. We would be grateful also to receive any additional 
analytical data and/or material from new occurrences of 
zirconolite, in order to periodically update this database. 


ACKNOWLEDGEMENTS. We are very grateful to Professor G. Bayer (ETH, 
Zürich) for providing us with zirconolite samples from Phalaborwa, and 
also for some unpublished data, to Alf Olav Larsen (Porgrunn, Norway) 
for samples from Langesundfjord, to Dr. S.L. Harvey Edinburgh, 
Scotland for providing information on zirconolite from East Antarctica, 
to Professor J. Keller (Freiburg, Germany) for permission to analyse 
zirconolite from Hegau, to Dr I. Hornig-Kjarsgaard (University of 
Mainz, Germany) for allowing us to include her unpublished data from 
Sokli, to Professor J.B. Dawson (Edinburgh, Scotland) for unpublished 
data, to Dr E.S. Grew (University of Maine, USA) for providing 
material from Sgr Rondane, Antartica, to Dr. A.N. Mariano (Carlisle, 
Massachusetts, USA) for providing samples and information on several 
zirconolite localities, and for some unpublished data, to Dr G.C. Parodi 
(University of Rome, Italy) for samples from Latium, Italy, and to the 
Kovdor Mining Museum, Kola Peninsula for material from Kovdor. We 
further wish to thank Drs M. Welch, А.Е. Woolley and К.Е. Symes and 
other colleagues at The Natural History Museum, London, also to 
Professor Andrei Bulakh (University of St. Petersburg) for comments 
and suggestions which have improved the manuscript, and to Greg 
Lumpkin (ANSTO, Australia) for discussions regarding synthetic 
zirconolite. This study forms part of a British/Swiss Joint Research 
Programme, and we gratefully acknowledge funding provided by the 
Schweizerischer Nationalfonds and the British Council (Grant No. 
83BC-033381). 


REFERENCES 


Agrell, S.O., Charnley, N.R. & Rowley, P.D. 1986. The occurrence of hibonite, 
perovskite, zirconolite, pseudobrookites and other minerals in а 
metamorphosed hydrothermal system at Pine Canyon, Piute County, Utah, 
USA. Abstract. Mineralogical Society Bulletin, 72: 4. Bayliss, P. & Levinson, 
A.A. 1988. A system of nomenclature for rare-earth mineral species: revision 
and extension. American Mineralogist, 73: 422-423. 

— Mazzi, F., Munno, R. & White, Т.Ј. 1989. Mineral nomenclature: zirconolite. 
Mineralogical Magazine, 53: 565—569. 

Berzelius, J.J. 1824. Undersökning af парга mineralier. Kungliga Svenska 


ZIRCONOLITE 


Vetenskapsakademiens Handlinger: 334-358. 

Blake, G.S. & Smith, G.F.H. 1913. On varieties of zirkelite from Ceylon. 
Mineralogical Magazine, 16: 309-316. 

Borodin, L.S., Nazarenko, 1.1. & Richter, T.L. 1956. The new mineral zirconolite - 
complex oxide of the AB4O; type. Doklady Akademii Nauk Soyuza Sovetskikh 
Sotsialisticheskikh Respublik, 110: 845-848 (in Russian). 

——, Bykova, A.B., Kapitonova, Т.А. & Pyatenko, Yu. А. 1960. New data on 
zirconolite and its niobium variety. Doklady of the Academy of Sciences, USSR, 
Earth Science Sections, 134: 1022-1024. 

Brogger, W.C. 1890. Die Mineralien der Syenitpegmatitginge der 
Südnorwegischen Augit- und Nephelinsyenite. 46. Polymignyt. Zeitschrift für 
Krystallographie und Mineralogie, 16: 387—395, 

Brown, G.M., Emeleus, C.H., Holland, J.G., Peckett, A. & Phillips, R. 1972. 
Mineral-chemica! variations in Apollo 14 and Apollo 15 basalts and granitic 
fractions. Proceedings of the Third Lunar Science Conference. Geochimica et 
Cosmochimica Acta, Supplement 3, 1: 141—157. 

Bulakh, A.G., Шпзкп, G.A. & Kukharenko, А.А. 1960. Zirkelite from Kola 
Peninsula deposits. Zapiski Vsesoyuznogo Mineralogicheskogo Obshchestva, 89 
(3): 261—273 (in Russian). 

—— & lvanikov, V.V. 1984. The problems of mineralogy and petrology of 
carbonatites. Leningrad University Printing House, Leningrad, 230pp. (in 
Russian). 

Busche, F.D., Prinz, M., Keil, К. & Kurat, С. 1972. Lunar zirkelite: а 
uranium-bearing phase. Earth and Planetary Science Letters, 14: 313-321. 

Dziedzic, A. 1984 Elk Syenite Intrusion. Biuletyn Instytutu Geologicznego, 347: 
39-47. 

Fowler, М. & Williams, С.Т. 1986. Zirconolite from the Glen Dessarry syenite: a 
comparison with other Scottish localities. Mineralogical Magazine, 50: 326-328. 

Frondel, J.W. 1975. Lunar Mineralogy. Wiley-Interscience, New York, USA, 
323pp. 

Gaidukova, V.S., Polupanova, L.I. & Stolyarova, L.K. 1962. Geological structure 
and mineralogical-geochemical characteristics of rare-metal carbonatites. 
Geologiya Mestorozhdenii Redkikh Elementov, 17: 154рр. (in Russian). 

Gatehouse, B.M., Grey, LE., Hill, R.J. & Rossell, H.J. 1981. Zirconolite, 
CaZr,Ti; „О; structure refinements for near end-member compositions with 
x=0.85 and 1.30. Acta Crystallographica, B37: 306-312. Gieré, R. 1986. 
Zirconolite, allanite and hoegbomite in a marble skarn from the Bergell contact 
aureole: implications for mobility of Ti, Zr and REE. Contributions to 
Mineralogy and Petrology, 93: 459-470. 

---- 1990a. Hydrothermal mobility of Ti, Zr and REE: examples from the Bergell 
and Adamello contact aureoles (Italy). Terra Nova, 2: 60-67. 

—— 19905. Quantification of element mobility at а tonaliteldolomite contact 
(Adamello Massif, Provincia di Trento, Italy). PhD thesis no. 9141, ETH Zürich, 
Switzerland. 

——— & Williams, С.Т. 1992. REE-bearing minerals in a Ti-rich vein from the 
Adamello contact aureole (Italy). Contributions to Mineralogy апа Petrology, 
112: 83-100. 

Grew, E.S., Asami, M. & Makimoto, H. 1989. Preliminary petrological studies of 
the metamorphic rocks of the Eastern Ser Rondane Mountains. Proceedings of 
the NIPR Symposium on Antarctic Geosciences, 3: 100—127. 

= Essene, E.J., Peacor, D.R., Su, S.-C. & Asami, M. 1991. Dissakisite-(Ce), a 
new member of the epidote group and the Mg analogue of allanite-(Ce), from 
Antarctica. American Mineralogist, 76: 1990-1997. 

Harding, R.R., Merriman, R.J. & Nancarrow, Р.Н.А. 1982. A note on the 
occurrence of chevkinite, allanite, and zirkelite on St. Kilda, Scotland. 
Mineralogical Magazine, 46: 445-448. 

= « 1984. St. Kilda: an illustrated account of the geology. British 
Geological Survey Report, 16, No.7, 46pp. 

Harley, S.L. 1994. Mg-Al Yttrian zirconolite in a partially melted sapphirine 
granulite, Vestvold Hills, East Antarctica. Mineralogical Magazine, 58: 259-269. 

Heaman, L.M. & Le Cheminant, A.N. 1993. Paragenesis and U-Pb systematics of 
baddeleyite (ZrO,). Chemical Geology, 110: 95-126. 

Hornig, 1. 4 Worner, С. 1991. Zirconolite-bearing ultra-potassic veins in a 
mantle-xenolith from Mt. Melbourne Volcanic Field, Victoria Land, Antarctica. 
Contributions to Mineralogy and Petrology, 106: 355-366. 

Hussak, E. 1895. Mineralogische Notizen aus  Brasilein. 
Mineralogische und Petrographische Mittheilungen, 14: 394—414. 

—— & Prior, С.Т. 1895 Lewisite and zirkelite, two new Brazilian minerals. 
Mineralogical Magazine, 11: 80-88. 

Kapustin, Yu. L. 1980. Mineralogy of carbonatites. Amerind Publishing Company 
Pvt. Ltd., New Delhi, 259pp. (translated from Mineralogiya Karbonatitov, 
Nauka Publishers, Moscow, 1971). 

Kato, A. & Matsubara, S. 1991. Geikielite, baddeleyite and zirconolite in dolomitic 
marble from the Neichi mine, Miyako City, Iwate Prefecture, Japan. Bulletin of 
the National Science Museum, Tokyo, Series С, 17: 11-20. 

Keller, J. 1984. Der jungtertiáre Vulkanismus Südwestdeutschlands: Exkursionen 
im Kaiserstuhl und Hegau. Fortschritte der Mineralogie, 62 (2): 2-35. 

—, Brey, G., Lorenz, V. & Sachs, P. 1990. /AVCET 1990 Pre-Conference Excursion 


Tschermaks 


25 


2А: Volcanism апа petrology of the Upper 
( Urach- Hegau-Kaiserstuhl ). IAVCEI 1990 Guide, Mainz: 22. 

Kinny, P.D. & Dawson, J.B. 1992. A mantle metasomatic injection event linked to 
late Cretaceous kimberlite magmatism. Nature, 360: 726-728. 

Kochemasov, G.G. 1980. Geochemical features of lunar and terrestrial zirkelite. 
Mineralogiceskij Zhurnal, 2: 30-39 (in Russian). 

Kogarko, L.N., Plant, D.A., Henderson, C.M.B. & Kjarsgaard, В.А. 1991. Na-rich 
carbonate inclusions in perovskite and calzirtite from the Guli intrusive 
Ca-carbonatite, polar Siberia. Contributions to Mineralogy and Petrology, 109: 
124-129. 

Kukharenko, A.A., Orlova, М.Р, Bulakh, A.G.,  Bagdasarev, E.A., 
Rimskaya-Kosakova, O.M., Nefedov, E.L, Ilinskii, G.A., бегрееу, А.5. 4 
Abakumova, N.B. 1965. Caledonian complex of alkaline ultrabasic rocks and 
carbonatites of the Kola Peninsula and North Karelia. Nedra publishers, Moscow, 
772 pp. (in Russian). 

Lorand, J.P. & Cottin, J.Y. 1987. A new natural occurrence of zirconolite 
(CaZrTi;O;) and baddeleyite (ZrO;) in basic cumulates: the Laouni layered 
intrusion (Southern Hoggar, Algeria). Mineralogical Magazine, 51: 671-676. 

Lovering, J.F. & Wark, D.A. 1971. Uranium-enriched phases in Apollo 11 and 
Apollo 12 basaltic rocks. Proceedings of the Second Lunar Science Conference. 
Geochimica et Cosmochimica Acta, Supplement 2, 1: 151-157. 

& 1974. Rare earth element fractionation in phases crystallizing from 
lunar late-stage magmatic liquids. Abstract. In: Lunar Science V: 463-465. The 
Lunar Science Institution, Houston, Texas. USA. 

Lumpkin, G.R., Ewing, R.C., Chakoumakos, B.C., Greegor, R.B., Lytle, F.W., 
Койуп, E.M., Clinard, F.W.Jr., Boatner, L.A. & Abraham, М.М. 1986. 
Alpha-recoil damage in zirconolite (CaZrTi,O,). Journal of Materials Research, 
1: 564-576. 

---, Smith, K.L., Blackford, M.G., Сіеге, К. & Williams, С.Т. 1994, 
Determination of 25 elements in the complex oxide mineral zirconolite by 
analytical electron microscopy. Micron, 25: 581-587. 

Lurie, J. 1986. Mineralization of the Pilanesberg Alkaline Complex. In: Anhaeusser, 
С.К. & Maske, 8. (eds), Mineral Deposits of Southern Africa, 2: 2215-2228. 
Geological Society of South Africa, Johannesburg. 

Mariano, A.N. & Roeder P.L. 1989. Wohlerite: chemical composition, 
cathodoluminescence and environment of crystallization, Canadian 
Mineralogist, 27: 709-720. 

Mazzi, Е. & Munno, R. 1983. Calciobetafite (new mineral from the pyrochlore 
group) and related minerals from Campi Flegrei, Italy: crystal structure of 
polymignite and zirkelite: comparison with pyrochlore and zirconolite. 
American Mineralogist, 68: 262-276. 

Meyer, О.А.М. & Boctor, N.Z. 1974. Opaque mineralogy: Apollo 17, rock 75035. 
Proceedings of the Fifth Lunar Science Conference. Geochimica et 
Cosmochimica Acta, Supplement 5, 1: 707—716. 

Nickel, Е.Н. & Mandarino, J.A. 1987. Procedures involving the IMA Commission 
on New Minerals and Mineral Names, and guidelines on mineral nomenclature. 
Mineralogical Magazine, 52: 275—292. 

Platt, G., Wall, F., Williams, C.T. & Woolley, A.R. 1987. Zirconolite, chevkinite and 
other rare earth minerals from nepheline syenites and peralkaline granites and 
syenites of the Chilwa Alkaline Province, Malawi. Mineralogical Magazine, 51: 
253-263. 

Pudovkina, R.Z., Dubakina, L.S., Lebedeva, 54. 4 Pyatenko Үш. А. 1974. 
Investigation of Brazil zirkelite. Zapiski Vsesoyuznogo Mineralogicheskogo 
Obshchestva, 103 (3): 368—372 (in Russian). 

Purtscheller, К. & Tessadri, В. 1985. Zirconolite and baddeleyite from 
metacarbonates of the Oetztal-Stubai complex (northern Tyrol, Austria). 
Mineralogical Magazine, 49: 523—529. 

Raber, E. & Haggerty, S.E. 1979. Zircon-oxide reactions in diamond-bearing 
kimberlites, In: Boyd, ЕЕ. & Boctor, H.R. (eds), Kimberlites, Diatremes and 
Diamonds: their Geology, Petrology and Geochemistry. Proceedings of the 
Second International Kimberlite Conference. 1: 229-240. American 
Geophysical Union. 

Rekharskiy, УЛ. & Rekharskaya, V.M. 1969. The new zirkelite-jordisite mineral 
paragenesis. Doklady of the Academy of Sciences, USSR, Earth Science Sections, 
184: 144-147. 

Ringwood, A.D. 1985. Disposal of high-level nuclear wastes: а geological 
perspective. Mineralogical Magazine, 49: 159-167. 

Roeder, E. & Weiblen, P.W. 1973. Petrology of some lithic fragments from Luna 20. 
Geochimica et Cosmochimica Acta, 37: 1031-1052. 

Rossell, H.J. 1980. Zirconolite — a fluorite-related super structure. Nature, 278: 
282-283. 

Rubin, J.N., Henry, C.D. & Price, J.G. 1993, The mobility of zirconium and other 
‘immobile’ elements during hydrothermal alteration. Chemical Geology, 110: 
29-47. 

Semenov, I.N., Kochemasov, G.G. & Bykova, A.V. 1963. Zirkelite and rosenbuschite 
from contact metasomatic rocks of the Lovozero Massif. Trudy Instituta 
Mineralogii Geokhimii i Kristallokhimii Redkikh Elementov Moskva, 15: 
106—109. 


Rhinegraben 


24 


Shannon, R.D. 1976. Revised effective ionic radii and systematic studies of 
interatomic distances in halides and chalcogenides. Acta Crystallographica, A32: 
751-767. 

Silva, L.C. 1979. Consideragoes geologicas e estudos preliminares sobre inclusoes 
primárias, fluidas e sólidas, em apatites de rochas carbonatiticas e ijolíticas da 
ihla de Santiago (Repüblica de Cabo Verde). Comunicagoes dos Servicos 
Geológicos Portugal, Lisbon, 64: 261—268. 

-- 4 Figueiredo, М.О. 1980. Note on the niobium-rich zirconolite in 
carbonatitic rocks of Santiago island (Cape Verde Republic). Garcia de Orta, 
Série Geologia, Lisbon, 4: 1—6. 

Sinclair, W. & Eggleton, R.A. 1982. Structure refinement of zirkelite from 
Kaiserstuhl, West Germany. American Mineralogist, 67: 615—620. 

Smith, K.L. & Lumpkin, С.К. 1993. Structural features of zirconolite, hollandite and 
perovskite, the major waste-bearing phases in Synroc. In: Bolan, JN. & 
FitzGerald, J.D., Defects and Processes in the Solid State: Geoscience 
Applications, The McLaren Volume; Elsevier (in press). 

Vartiainen, H. 1980. The petrography, mineralogy and petrochemistry of the Sokli 
carbonatite massif, northern Finland. Bulletin of the Geological Survey of 
Finland, 313: 126рр. 

Verwoerd, W.J. 1986. Mineral deposits associated with carbonatites and alkaline 
rocks. Іп: Anhaeusser, С.Е. & Maske, S. (eds), Mineral Deposits of Southern 
Africa, 2: 2173-2191. Geological Society of South Africa, Johannesburg. 


C.T. WILLIAMS ANDR GIERÉ 


Wark, D.A., Reid, A.F., Lovering, J.F. & El Goresy, A. 1973. Zirconolite ( versus 
zirkelite) in lunar rocks. Abstract. In: Lunar Science ТУ, 764-766. The Lunar 
Science Institution, Houston, Texas, USA. 

White, T.J. 1984. The microstructure and microchemistry of synthetic zirconolite, 
zirkelite and related phases. American Mineralogist. 69: 1156-1172. 

Williams, C.T. 1978. Uranium-enriched minerals in mesostasis areas of the Rhum 
layered pluton. Contributions to Mineralogy апа Petrology, 66: 29-39. 

—— (in press). The occurrence of niobian zirconolite, pyrochlore and baddeleyite 
in the Kovdor carbonatite complex, Kola Peninsula, Russia. Mineralogical 
Magazine, 60. 

— & Gieré, R. 1988. Metasomatic zonation of REE in zirconolite from a marble 
skarn at the Bergell contact aureole (Switzerland/Italy). Schweizerische 
Mineralogische und Petrographische Mitteilungen, 68: 133—140. 

Woolley, A.R. 1987. Alkaline Rocks and Carbonatites of the World. Part 1, North 
and South America. British Museum (Natural History), 216pp. 

Zakrzewski, M.A., Lustenhouwer, W.J., Nugteren, H.J. & Williams, C.T. 1992. 
Rare-earth minerals yttrian zirconolite and allanite-(Ce) and associated 
minerals from Koberg mine, Bergslagen, Sweden. Mineralogical Magazine, 56; 
27-35. 

Zhuravleva, L.N., Berezina, L.A. & Gulin, Ye. N. 1976. Geochemistry of rare and 
radioactive elements in apatite-magnetite ores in alkali-ultrabasic complexes. 
Geochemistry International, 13: 147-166. 


